Detailed knowledge of atomic-scale structural change is essential for understanding the process and mechanism of phase transitions in solids. We present the direct experimental evidence of a precursor lattice in silicon at high pressures. The precursor lattice may appear to coexist dynamically with the host lattice over a large pressure range through rapid lattice fluctuations. The first-principles calculations are used to elucidate a dynamic lattice-fluctuation mechanism that accounts for the experimental observations. This precursor lattice-fluctuation mechanism for the phase transition goes beyond previously considered reconstructive or displacive processes and provides a novel picture of the underlying dynamics. Silicon displays a phase transition from the tetrahedrally coordinated cubic diamond structure ( phase) to the octahedrally coordinated tetragonal -Sn structure ( phase) at around 13 GPa [1-3] accompanied by a large volume collapse of about 22% [2, 4] and an abrupt electric resistivity decrease of more than 5 orders of magnitude [1] . The -phase transition in silicon has long been considered a prototypical strongly first-order transition with no indication of precursors. In this Letter, we report direct experimental observations of the electron density distributions for a silicon single crystal at high pressures, revealing two closely correlated active groups of silicon atoms that develop progressively with increasing pressure and exhibit a strong enhancement at pressures close to the -phase transition. Our combined experimental and theoretical analysis indicates a novel dynamic mechanism which shows that the high-pressure phase can dynamically coexist with the host lattice of the low-pressure phase through rapid lattice fluctuations. These results provide insights for understanding the origin and mechanism of the -phase transition.
Silicon displays a phase transition from the tetrahedrally coordinated cubic diamond structure ( phase) to the octahedrally coordinated tetragonal -Sn structure ( phase) at around 13 GPa [1] [2] [3] accompanied by a large volume collapse of about 22% [2, 4] and an abrupt electric resistivity decrease of more than 5 orders of magnitude [1] . The -phase transition in silicon has long been considered a prototypical strongly first-order transition with no indication of precursors. In this Letter, we report direct experimental observations of the electron density distributions for a silicon single crystal at high pressures, revealing two closely correlated active groups of silicon atoms that develop progressively with increasing pressure and exhibit a strong enhancement at pressures close to the -phase transition. Our combined experimental and theoretical analysis indicates a novel dynamic mechanism which shows that the high-pressure phase can dynamically coexist with the host lattice of the low-pressure phase through rapid lattice fluctuations. These results provide insights for understanding the origin and mechanism of the -phase transition.
A silicon wafer in single crystal form ([5] ) was loaded into a diamond anvil cell (DAC) with rhenium as gasket material and helium as pressure transmitting medium. The wafer had dimensions of 45 Â 35 m 2 with a thickness of 25 m. Our experiments were performed at the 16-BM-D station at HPCAT at the Advanced Photon Source [6] . We deduce electron density distributions from structure factor measurements and resolve crystal structures at high pressures with unprecedented accuracy using the recently developed single crystal x-ray diffraction (SCXRD) technique. A DAC with a large opening (70 ) was used for a large coverage in reciprocal space. We have developed a data collecting procedure that reliably measures diffraction intensities, through which we have obtained crystallographic information of space groups, atomic positions, and thermal parameters as a function of pressure up to 13.1 GPa, the highest pressure before the single crystal was broken due to the -phase transition. The difference Fourier method and the maximum entropy method [7] were used to obtain the electron density maps from the structural factors of (hkl) orientations. The details of the experimental procedures and the data analysis are presented in the Supplemental Material [8] . The obtained R factors (see Table s1 [8]) indicate good quality of the SCXRD data from the high pressure sample. Figure 1 shows the electron density distributions for silicon measured at high pressures. At the lowest pressure of 1.4 GPa in this study, the electron density distribution clearly represents the cubic diamond structure of the -Si phase [Figs. 1(a) and 1(b)]. At increased pressure, we observed pressure-induced changes in electron density distributions that are signified by two active groups, as seen in Figs. 1(c) and 1(d) where data at 12.4 GPa are shown. One active group [shown in green in Figs. 1(c) and 1(d)] consists of six positions surrounding each silicon atom in the diamond structure; it is referred to as the vicinity group hereafter. Compared to the silicon position of (1=8, 1=8, 1=8) in the host lattice, the six atomic positions of the vicinity group can be expressed by (1=8 AE Á, 1=8, 1=8), (1=8, 1=8 AE Á, 1=8), (1=8, 1=8, 1=8 AE Á) on the 48f Wyckoff sites of the Fd-3m space group. The displacement distance, Á, changes only slightly with pressure, from a value of 0.22 at $3 GPa to 0.18 at 12.4 GPa. The shape of the electron density distribution is nearly identical at these positions, appearing like an inflated pentagon, as shown in Fig. 1(e) . The orientation of these pentagons is not random, but a 90 rotation relative to the position at the other side of a
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The second active group is situated in the ''void'' sites of the open diamond structure. In the tetrahedral environment of the host lattice, each silicon atom has a void site aligned opposite to one of its nearest-neighbor atoms [ Fig. 1(b) ]. The void positions and silicon positions of the host lattice can be viewed as two sublattices separated by From the electron density distributions, we can get information on the occupancies of the active groups via integration in a volume centered on each active group site. Figure 2 shows the occupation factors of the active groups relative to those of the host lattice as a function of pressure. It is seen that the occupation factors of the two active groups are closely correlated, showing a maximum at around 12.2-12.4 GPa. The vicinity group can be first recognized at 2.6 GPa, and its occupation factor increases with increasing pressure. Starting at about 10.5 GPa, there is a strong enhancement in the occupation factor until 12.4 GPa, above which an appearance of the phase was observed (see Fig. s2 in the Supplemental Material [8] ), while the host crystal still displays its single crystal nature in the diamond structure. The appearance of the phase comes at a cost of the phase, causing the decrease of the occupation factor of active groups at 13.1 GPa (Fig. 2) . The first recognizable appearance of the void group is at 11.2. Similar to the case for the vicinity group, the occupation factor of the void group peaks at 12.2 GPa and then drops at higher pressures. The overall occupation factors of the vicinity group are roughly 2% higher than those of the void group, but they are otherwise similar in trends to each other, following the same trend with increasing pressure. Similar occupancies of the two active groups can be also estimated by putting silicon atoms at both the void and vicinity positions of the Fd-3m space group and refining their occupancies with the constraint that the total number of silicon atoms is constant (see Table s2 in the Supplemental Material [8] ). This close correlation of the occupation factors of the two active groups as a function of pressure suggests that they manifest the same collective phenomenon and are of the same origin. The earlier appearance and higher occupation factor of the vicinity group can be understood by considering the effect of the atomic vibrations in the phase, which have fairly large amplitudes due to the strong anharmonicity and lattice softening with increasing pressure (see Supplemental Material [8] ). These vibrations can move silicon atoms into the space surrounding the vicinity group sites, thus contributing to the occupation factor. Meanwhile, the void group positions are too far away from the atomic sites in the phase to be populated via such a vibration-driven process. We will show below that the increasingly favorable energetic and kinetic environment at higher pressures introduces a new dynamic mechanism that drives silicon atoms toward both the vicinity and void group sites, which explains their parallel rise approaching the transition pressure.
A major clue to resolving the puzzle of the structural relation between the active groups and the host lattice comes from the fact that the lattice positions of the two active groups are directly related to the atomic positions of the -Sn structure. Figure 3 demonstrates the relationship of the active groups to the tetragonal -Sn lattice, and the latter can be constructed from the positions of the two active groups as indicated in Fig. 3(b) . Because each sixmember positions of the vicinity group [ Fig. 1(e) ] can be considered as one equivalent atomic position averaged at the silicon position in the host lattice, the unit cell of the -Sn structure in Fig. 3(b) is constructed from the combination of the void positions and silicon positions of the host lattice. The tetragonal symmetry of the -Sn structure comes from the atomic displacement (Á) of the vicinity group; it gives a stretching along the [100] and [010] directions, and the resulting lattice displays the tetragonal symmetry of the -Sn structure. Therefore, the two active groups behave as a precursor of the -Sn lattice in the host lattice. The increased occupancy of the void sites in phase eventually results in the -transition (Fig. 2) . The void site occupation may be also responsible for the low-density to high-density transition in amorphous silicon [9, 10] , where the transition is accompanied by increased occupancy of the void sites, resulting in an increase in the mean coordination number to 4.6 [11] .
To distinguish whether the pressure-induced precursor exists in nucleated static domains scattered in the host lattice or in fast dynamic lattice fluctuations, we have performed a separate experiment with a single crystal of silicon in a helium medium with a DAC. The pressure was first increased to 11.8 GPa, where again we clearly observed two active groups consistent with those shown in Figs. 1 and 2 . After the SCXRD measurement, the pressure increased slightly to a value of 12.2 GPa. Instead of further increasing pressure, which would lead to an irreversible -phase transition and the breakage of the single crystal, we released pressure to look for possible signs of remnants of the nucleated phase, which is known to exist in a metastable form and not return to the starting lattice structure of the phase upon decompression [2, 4] . Our experiment showed, however, that the active groups faded away after pressure was released, leaving a host lattice that is the same as the starting material with no signs of any secondary phase. These results suggest that the precursor in silicon at high pressures appear dynamically through fast lattice fluctuations.
We have performed first-principles calculations (see the Supplemental Material [8] for details) to understand the energetic and kinetic aspects associated with the pressureinduced -phase transition of silicon. We show in Fig. 4 the calculated enthalpy change (relative to that of the 
FIG. 4 (color online). (a)
The calculated enthalpy change, ÁH, relative to the value for -Si along the pathway for the phase transformation, which proceeds with a continual reduction of the c=a ratio over the pressure range of 0 to 13 GPa (top to bottom curves at a pressure step of 1 GPa). The two structures (-Si and -Si) are depicted in a common body-centered-tetragonal cell to show the change and relation of the atomic positions in the two structures. (b) The enthalpy difference between -Si and -Si, H À H , and the kinetic barrier as a function of pressure extracted from the first-principles results shown in (a). phase) along the transformation pathway toward the phase over a pressure range of 0 to 13 GPa. It is seen that the phase has its enthalpy reduced monotonically with increasing pressure and becomes energetically more favorable above the thermal equilibrium pressure P t at 9.90 GPa, which agrees well with previously calculated data [12, 13] . Moreover, the kinetics also becomes more favorable with the enthalpy barrier for the -transition decreasing significantly (from 0:423 eV=atom at 0 GPa to 0:264 eV=atom at 10 GPa) with rising pressure. This produces an energetic and kinetic landscape conducive to dynamic phase fluctuations between the and -Si lattices. These results demonstrate that high pressure produces an increasingly favorable energetic and kinetic environment for silicon atoms to move about and explore the phase space, making it possible for the transient (i.e., dynamic) occupation of the vicinity and void group sites prior to the -phase transition.
The energetic results from first-principles calculations allow a quantitative evaluation of the occupation factor of the active groups compared to that of the host lattice based on thermodynamic considerations (see the Supplemental Material [8] for details). To quantitatively compare the calculated results with the experimental data, we present the relative intensities as a function of reduced pressure P=P t in Fig. 5 . We used the same set of enthalpy-versuspressure data extracted from the results in Fig. 4 for both active groups, except for a constant (2%) positive offset for the vicinity group to account for the contributions from the thermal vibrations as discussed above. The excellent agreement between the theoretical and experimental data provides compelling evidence supporting the dynamic phase fluctuation mechanism for the appearance of the precursor lattice in silicon under pressure.
It is known that the structural phase transition of silicon is accompanied by a semiconductor-metal transition [14] . We have performed band-structure calculations (see the Supplemental Material [8] for details) to study the relation between the precursor lattice and the electronic transition, and found that the appearance of a relatively small amount of void and vicinity precursors near the transition pressure effectively reduces the band gap of silicon, leading to the semiconductor-metal transition. This result is suggestive of a broader influence of the pressure-induced precursor in the conduction and other properties of the silicon material. Further studies on ''property-precursor'' relations are needed for insights in establishing predictive models.
The ''forbidden'' (222) reflection has long been used for studying the anticentrosymmetric charge density and anharmonicity of silicon lattice [15] [16] [17] . Using x-ray diffraction, the intensities of the forbidden (222) reflection at high pressures [17] displayed a sudden increase at around 11 GPa and then decreased above $12 GPa. The behavior of the (222) reflection intensity as a function of pressure is similar to those of the two active groups as shown in Fig. 2 , which implies that the (222) reflection intensity may be used as a measure of the degree of the precursor. The sharp decrease in the (222) intensity [17] can then be understood as a result of the appearance of the phase.
Although precursor phenomena have been observed in several metallic alloys and oxides [18] [19] [20] [21] [22] driven by temperature, particularly in connection with martensitic transformations and incomplete lattice instability, the precursor in silicon observed in the present work contrasts sharply in several ways: (i) it is observed in a simple elemental solid; (ii) it is related to a strongly first-order phase transition; and (iii) it is driven by pressure, which greatly broadens our experimental capability and overall understanding of the lattice instability from the dynamic fluctuation point of view. The finding of the pressure-induced active groups in silicon suggests a new paradigm for understanding precursor phenomena in phase transitions, which has broad implications for a large class of materials that need to be reexamined by the latest high-accuracy experimental techniques for the possible presence of precursors.
In summary, our combined experimental and theoretical analysis indicates a novel dynamic mechanism which shows that the high-pressure phase can dynamically coexist with the host lattice of the low-pressure phase through rapid lattice fluctuations. At pressures close to the phase transition, the precursor components increase exponentially (Figs. 2 and 5 ) until they reach a threshold level at 7%-8% (Fig. 2) . Beyond this threshold, the host lattice can no longer persist as the dominant lattice in the fluctuation process and eventually collapses. This precursor latticefluctuation mechanism for the -phase transition goes beyond previously considered reconstructive or displacive processes [23] and provides a deeper understanding of the underlying dynamics. Fast phase fluctuations have been reported in other materials at high pressures [24] to interpret the experimentally observed coexistence of two phases. Our present work, however, provides the quantitative description of the embryonic lattice (precursor) in the host lattice via an accurate three-dimensional mapping. These results provide insights for understanding the origin and mechanism of the -phase transition. This new capability to explore precursor phenomena in phase transitions may greatly expand our knowledge of atomic-scale processes related to structural phase transitions at high pressure.
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